Rat pheochromocytoma PC12 cells undergo neuronal differentiation in response to nerve growth factor. We show here that exposure of PC12 cells to Nardostachys chinensis glycoside induces the outgrowth of neurites, increases the activity of AChE, triggers cell cycle arrest in G1 and enhances the expression of growth associated protein 43 (GAP-43). Both the outgrowth of neurites and the increase in AChE activity are prevented partly by PD98059, a specific inhibitor of MEK1. These results suggest that N. chinensis glycoside induces the characteristics of neuronal differentiation in PC12 cells via the mitogen-activated protein kinase (MAPK)-related signal cascade.
Ever since nerve growth factor (NGF) was found to be a potent inducer of neurite outgrowth and network development in rat pheochromocytoma PC12 cells, this cell line has been recognized as a good in vitro model for studying neuronal differentiation processes. 1) Other compounds have been shown to induce neurite outgrowth in these cultured cells, including several cell adhesion molecules, constituents of the extracellular matrix, 2) certain polypeptides 3) and numerous plant substances such as Cuscuta chinensis glycoside, 4) lignans, 5) lipophilic extracts of Panax ginseng 6) and quinic acids. 7) Such low molecular weight compounds might be of more pharmaceutical use than NGF for treating various neurodegenerative diseases, since they are capable of passing through the blood-brain barrier and are not easily degraded. As part of our search for substances that induce NGF-like differentiation in PC12 cells, several extracts of traditional Chinese medicines were tested. We found that a glycoside from Nardostachys chinensis performed well.
Extensive studies have been made of the characteristics of neuronal differentiation and signal cascades associated with NGF-induced neuronal differentiation in PC12 cells. Exposure of these cells to NGF activates the GTP-binding protein, Ras, initiating a number of signaling cascades including the Raf/MEK/MAP kinase pathway. 8) These factors ultimately induce neuronal differentiation, which is recognizable by neurite outgrowth, increased AChE activity, cell cycle arrest in G1 9) and induction of neuronal markers such as growth associated protein 43 (GAP-43). 10) In the present study, we investigated the effect of N. chinensis glycoside on these indicators of differentiation. Neuronal differentiation of PC12 cells in response to neurotrophic factors is apparently mediated via mitogen-activated protein kinase (MAPK)-dependent signaling pathway, 11) so the effects of PD98059, a specific inhibitor of MAPK kinase, were also examined.
MATERIALS AND METHODS

Materials
Poly-L-lysine and 7s NGF were purchased from Sigma. Dulbecco's modified Eagle's medium (DMEM, high glucose), fetal bovine serum (FBS) and horse serum (HS) were purchased from Gibco. PD98059 (Calbiochem Co.) was dissolved in dimethylsulfoxide and stored in aliquots at Ϫ20°C. Roots (2.0 kg) of Nardostachys chinensis batalin were obtained from Dalian Pharmacy and extracted with methanol (3ϫ4 l) at room temperature. After evaporation of the solvent, the residue (126.3 g) was dissolved in water and fractionated by successive solvent partitioning into ether (5.2 g), ethyl acetate (21.7 g) and n-butanol (67.4 g) soluble fractions. The ethyl acetate fraction was further partitioned with CHCl 3 -MeOH-H 2 O (1 : 1 : 1) and Sephadex LH-20 column chromatography to furnish a neuroactive component (3.2 g, 0.16%), as a buff power. With the identification of several specific chemical reactions, we found that the main component of this extract is the glycoside, which was added to PC12 cell cultures as described below. All other agents used were of analytical grade.
Cell Culture and Neurite Assay Unless otherwise stated, the PC12 cells were maintained in DMEM supplemented with heat-inactivated 10% HS and 5% FBS, 100 U/ml penicillin, 100 mg/l streptomycin in a water-saturated atmosphere of 5% CO 2 at 37°C. After neurite outgrowth had been examined, the cells were harvested and plated (1.0ϫ10 4 cells/ml) on poly-L-lysine-coated tissue culture plates in test medium (DMEM supplemented with 2% HS, 1% FBS, 2 mM Glucose). After 12-18 h, NGF (100 mg/l) or 0-200 mg/l of N. chinensis glycoside were added to the cells. After incubation for 3 d, the proportion of neurite-bearing cells was counted using a phase-contrast microscope at 100ϫmagnification. Processes longer than 1.5 cell body diameters were counted as neurites. For every datum point, the mean value was calculated from five random field observations of three replicate experiments, and at least 150 cells were counted per field.
Measurement of Acetylcholinesterase Activity PC12 cells were collected after exposure to the indicated reagents, washed three times with NaCl/phosphate saline buffer (PBS), suspended in 10 mM PBS, pH 7.4 and homogenized by sonication. Acetylcholinesterase (AChE) activity was assayed as described by Ellman et al. 12) In brief, 100 ml of cell homogenate were incubated with 3 ml of 0.1 M PBS (pH 8.0) and 20 ml of 75 mM acetylthiocholine iodide at 25°C for 10 min. After addition of 100 ml 10 mM 5-dithiobis (2-nitrobenzoic acid) (Nbs 2 ), the AChE activity was calculated from the increase in absorbance at 412 nm. The protein concentration was measured by Lowry's method with bovine serum albumin as the standard.
Flow-Cytometric Analysis of the Cell Cycle After treatment with 100 mg/l N. chinensis glycoside or 100 mg/l NGF for 3 d, PC12 cells (1ϫ10 6 cells) were harvested in 4 volumes of 0.25% trypsin and 0.02% EDTA in 0.01 M PBS. The cell pellet was washed twice with 0.01 M PBS and fixed in chilled 70% alcohol at 4°C for at least 2 h. Before flow cytometry, the cells were washed again in PBS and stained with 50 mg/l propidium iodide and RNase in 0.4% Tween 20. A FACS calibre Becton-Dickinson flow cytometer was used for cell cycle analysis in conjunction with Modfit LT software.
Western Blotting For immunoblotting, cells were collected, washed once in PBS and lysed by incubation in 20 mM Tris, pH 7.5, 150 mM NaCl, 1 mM EDTA, 10% glycerol, 1% Triton X-100 and 1 : 200 diluted Protease Inhibitor Cocktail II (Calbiochem). Equal amounts of protein were fractionated by SDS/PAGE (12% polyacrylamide) and transferred to a PVDF membrane. The membrane was treated with a polyclonal antibody against GAP-43 (Boehringer Mannheim, Germany) and the binding of the secondary antibody was detected with an enhanced chemiluminescence system (ECL, Amersham Pharmacia Biotech, and Uppsala, Sweden). To quantify the results, the density of each band was measured using Images Software, Qwin (Leica).
Statistical Analysis All data are presented as meansϮS.E.M. Data were analyzed by a one-way ANOVA followed by Dunnett's test and an unpaired Student's t-test. Differences among groups were considered statistically significant at pϽ0.05.
RESULTS
N. chinensis Glycoside Induces the Outgrowth of Neurites from PC12 Cells and Enhances the Activity of Acetylcholinesterase
The treatment of PC12 cells with the N. chinensis glycoside significantly increased the proportion of neurite-bearing cells compared to control. The dose-response curve is shown in Fig. 1 . The morphologies of the PC12 cells after various treatments are shown in Fig. 2 ; there was an obvious increase in the number of neurite-bearing cells.
The increasing evidences show that enhanced AChE activity has been linked to neurite outgrowth. Exposure of PC12 cells to N. chinensis glycoside for 3 d caused a dose-dependent increase in AChE activity from 19.5Ϯ3.2 to 100.8Ϯ 12.4 nmol/min/mg proteins (Fig. 3) .
N. chinensis Glycoside Arrests the Cell Cycle in G1
We next compared the effects of N. chinensis glycoside and NGF on the PC12 cell cycle by flow-cytometry (Fig. 4) . NGF increased the number of cells in G1 from 54.8 to 66.3% and decreased the number in S phase from 24.3 to 17.5%. These values are consistent with those reported previously. N. chinensis glycoside treatment gave similar results, increasing the number of cells in G1 from 54.8 to 65.4% and decreasing the number in S phase from 24.3 to 19.7%. Thus, the N. chinensis glycoside inhibited the progress of PC12 cells beyond the G1 phase of the cell cycle.
Effect of N. chinensis Glycoside on GAP-43 Expression in PC12 Cells
Neurons growing either in vivo or in vitro express high levels of GAP-43 coincidently with the onset of neurite outgrowth. GAP-43 expression also correlates with neurite outgrowth in PC 12 cells. In this study, we found a significant increase in the GAP-43 level in parallel with neurite outgrowth after N. chinensis glycoside treatment. Quantification of the western blot data confirmed that GAP-43 levels were extremely low in undifferentiated cells and increased dramatically after exposure to the N. chinensis glycoside ( Fig. 5) .
Response of PC12 Cell Differentiation to Preincubation with PD98059 To investigate the mechanism by which the N. chinensis glycoside induces the characteristics of differentiation in PC12 cells, we tested the effect of a specific MEK1 inhibitor on the increase in neurite outgrowth and AChE activity. Preincubation of the cells with 20 mM PD98059 for 30 min inhibited the effects of the N. chinensis glycoside: the percentage of neurite-bearing cells decreased from 57.3Ϯ4.2 to 21.8Ϯ5.4 (Fig. 6A) , and the AChE activity decreased from 100.8Ϯ12.4 to 49.8Ϯ6.9 nmol/min/mg protein (Fig. 6B) .
DISCUSSION
Nardostachys chinensis BATALIN has been employed for centuries in East Asia as a sedative and analgesic. Its impact on the central nervous system still needs elucidation. Several compounds extracted from it have been identified, including nardosinone, 13) guaiane-and aristolane-type sesquiterpenoids 14) and nardostachin. 15) However, Li et al. showed that only nardosinone actively enhances the effects of NGF, staurosporine and dibutyryl cyclic AMP 16) on the differentiation of PC12 cells. In the present study, glycoside from Nardostachys chinensis BATALIN was shown to induce the characteristics of neuronal differentiation in PC12 cells, including neurite outgrowth, increased AChE activity, arrest of the cell cycle in G1 and specific up-regulation of the expression of the neuronal marker GAP-43.
The appearance of cholinesterase activity on nerve cells often precedes synaptogenesis. 17) Cholinesterase, which is believed to be important in the development of the mammalian nervous system, is often used as a marker of the terminal differentiation of neurons. 18) In this paper, we have demonstrated that the N. chinensis glycoside stimulated the outgrowth of neurites from PC12 cells as well as enhancing the activity of AChE, and inducing the cell cycle arrest in G1. Each of these phenomena is closely associated with the PC12 differentiation. Moreover, after preincubation with the specific MEK1 inhibitor PD98059, the induction of neurite outgrowth and AChE activity by the glycoside were inhibited partly. These results suggest that the N. chinensis glycoside activates an upstream step in the MAPK pathway during PC12 differentiation.
In this research, we also found that the specific MEK1 inhibitor PD98059 could not completely prevent the effects of N. chinensis glycoside on the PC12 cells differentiation. These results indicate that others pathways might be involved in this phenomenon. Although the intracellular mechanism by which the glycoside acts has not been fully resolved, our current data indicate that the process of neuronal differentiation that it induces in PC12 cells involves the MAPK-mediated signaling pathway.
